Recent observations indicate that climate change over the high latitudes of the Southern Hemisphere is dominated by a strengthening of the circumpolar westerly flow that extends from the surface to the stratosphere. Here we demonstrate that the seasonality, structure, and amplitude of the observed climate trends are simulated in a state-of-the-art atmospheric model run with high vertical resolution that is forced solely by prescribed stratospheric ozone depletion. The results provide evidence that anthropogenic emissions of ozonedepleting gases have had a distinct impact on climate not only at stratospheric levels but at Earth's surface as well.
Recent climate change in the Southern Hemisphere (SH) is marked by a strengthening of the circumpolar westerlies in both the stratosphere (1) (2) (3) (4) and the troposphere (1, 4) . In the stratosphere, the trends are largest during the spring months (2) (3) (4) (5) ; in the troposphere, they are largest during the summer months (4) . In both the stratosphere and the troposphere, the trends are reflected as a bias in the leading mode of SH extratropical variability, the so-called Southern Hemisphere annular mode (SAM) (6) .
Recently, Thompson and Solomon (4) (hereafter TS) have argued that the trend in the tropospheric component of the SAM during the summer months is consistent with forcing by stratospheric ozone depletion. Their argument is based on the observations that (i) the stratospheric polar vortex has strengthened during the spring season over the past few decades in response to the development of the Antarctic ozone hole (2, 3) and (ii) anomalies in the SH stratospheric vortex during the spring season tend to descend in time and are reflected as similarly signed anomalies in the tropospheric circulation during the early summer months (4, 7, 8) . TS went on to argue that the summertime trends in the SAM are consistent with the observed cooling of Antarctica during the summer season and, to a lesser extent, the warming observed over the Antarctic Peninsula [see (9) for a recent synopsis of observed trends in Antarctic surface temperature].
Here we use results from a state-of-the-art atmospheric model with high vertical resolution coupled to a mixed-layer ocean model to test the hypothesis outlined in TS. We demonstrate that the seasonality, vertical structure, horizontal structure, and amplitude of the simulated response to prescribed SH stratospheric ozone depletion bear a striking resemblance to the observed trends not only in the SH stratosphere but in the SH troposphere as well. The study follows from results reported in previous studies (10 -12) , which also examine the response of the SAM to prescribed stratospheric ozone losses. However, none of these studies examine the seasonally varying vertical structure of the response, assess the attendant impacts on surface temperature, or provide a quantitative comparison with observations. Additionally, two of the studies (10, 11) draw from experiments run with prescribed sea-surface temperatures (which provide an additional constraint on the tropospheric response), and the experiments in (12) are based on exaggerated levels of stratospheric ozone depletion (13).
We used simulations from a 64-level version of the third Hadley Centre slab model, denoted HadSM3-L64. Details of the model are given in (12) . The model has a horizontal resolution of 2.5°latitude by 3.75°longitude, a 50-m-deep mixed-layer ocean, a dynamic and thermodynamic sea-ice model, and a 64-level atmosphere extending up to 0.01 hPa (14) . The impact of ozone depletion on the SH circulation was assessed by comparing two simulations run with different seasonally varying ozone distributions; all other external variables were held fixed. The control simulation was run with a seasonally varying reconstruction of preindustrial ozone based on an observed climatology (15); the perturbed simulation was integrated with prescribed stratospheric ozone losses based on observed trends over the 18-year period 1979 to 1997 (16) (Fig. 1) . The response of the model to the prescribed stratospheric ozone depletion is examined by differencing temperatures, geopotential heights, and wind velocities between the equilibrium climates of the perturbed and control simulations (17) , which gives changes representative of the difference between current and pre-ozone hole conditions. To facilitate comparison, the observations presented in TS are reproduced here, and simulated geopotential height anomalies are averaged at locations corresponding to the seven stations listed in table 1 of TS. At all levels, the corresponding indices are a surrogate for the strength of the circumpolar flow and hence the SAM. In practice, virtually identical results are obtained for the zonal wind averaged along 60°S.
In the stratosphere, the prescribed ozone depletion induces cooling over the polar cap as a result of reduced absorption of ultraviolet radiation (Fig. 2, bottom left) . Consistent with observations (4, 5, 18) , the response is largest when sunlight returns to the polar region in November, and it persists through the summer months. The simulated stratospheric cooling is accompanied by a strengthening of the stratospheric circumpolar flow that also peaks during November (Fig. 2 , top left) and is consistent with the observed increased persistence of the stratospheric vortex (2) (3) (4) (5) . During the spring and summer months, both the vertical structure and the amplitude of the simulated stratospheric geopotential height and temperature trends are similar to the observations presented in TS (Fig.  2, right panels) . The most pronounced difference between the observed and simulated stratospheric trends occurs during April and May, when the observations exhibit a pronounced decrease in geopotential height, which is not simulated by the model.
The simulation of a large response in the extratropical stratosphere to prescribed ozone depletion is not surprising. Such a response is expected based on both observations and modeling evidence (2-5, 18 -21) . What is more surprising is the downward extension of the significant decreases in geopotential height to tropospheric levels in the summer months, despite the fact that the ozone anomalies themselves are not transported downward by the model. The seasonality, vertical structure, and amplitude of the simulated geopotential height changes in the troposphere (Fig. 2, top left) are similar to the observations (Fig. 2, top right) . As in the observations, the largest and most significant simulated strengthening of the circumpolar westerly flow in the troposphere occurs ϳ1 to 2 months after the maximum cooling in the stratosphere. The observed tropospheric warming during the other seasons is not evident in the simulated response to stratospheric ozone depletion, and thus is likely due to other influences.
During the summer months of December to February (when the simulated tropospheric response is largest), the horizontal structure of the simulated tropospheric geopotential height trends (Fig. 3, top left) closely resembles the horizontal structure of the observed trends shown in TS (Fig. 3,  top right) . Both reveal falling geopotential heights poleward of 60°S and rising geopotential heights in the middle latitudes (22) . In both the observations and the model, the trends in the 500-hPa height field strongly resemble the structure of the SAM. Consis- tent with the dynamics associated with a shift toward the positive polarity of the SAM (23) (24) (25) (26) , the simulated tropospheric trends are accompanied by increases in the poleward eddy flux of momentum across ϳ50°S (not shown). Hence, the simulated trends in the tropospheric circulation are reinforced by the attendant changes in tropospheric eddy activity. The details of the mechanisms whereby stratospheric anomalies influence the circulation of the troposphere are still under investigation (27 ) . The simulated trend in the SAM during the summer months is accompanied by a significant surface cooling over most of Antarctica (28) and by a strengthening of the surface westerly flow at around 50°S to 60°S (Fig. 3, bottom left) , also consistent with the observations (Fig. 3, bottom right) . The cooling within the region of enhanced tropospheric westerlies is consistent with adiabatic changes in temperature driven by thermally indirect rising motion there (4, 24) . However, radiative cooling due to decreased downwelling longwave radiation may also have played a role in cooling the polar troposphere (29) . The relatively weak warming over the Antarctic Peninsula and Patagonia is also consistent with the observations and likely reflects the impact of temperature advection by the anomalous westerly flow streaming from the relatively warm waters west of the Drake Passage. Consistent with the hemispheric scale structure of the SAM (6), both the simulated and observed trends in the nearsurface flow contain easterly anomalies at around 30°S, with changes of up to ϳ1 m/s to the east of Australia and across the southern Atlantic and Indian Oceans (Fig. 4) .
Several factors have been proposed as capable of driving a trend in the SAM. Simulations run with increasing greenhouse gases reveal trends in the SAM that are of the same sign as the observed trends (12, 30, 31) , but the amplitude of the simulated trends is considerably smaller than that observed. At least one study has suggested that increases in tropical sea-surface temperatures have played a role in driving analogous trends in the Northern Hemisphere (32) , but to what extent these results apply to the SAM remains to be demonstrated. The results reported in this study support the hypothesis outlined in TS that photochemical ozone depletion has played a critical role in driving recent climate change not only in the SH stratosphere but in the SH troposphere as well. Both the "downward propagation" of the simulated circulation anomalies during the spring months and the vertical and horizontal structure of the simulated trends during the summer months bear a striking resemblance to observations of recent SH climate change. The discrepancy between the simulated and observed trends during the months of April and May implies that the observed trends during this season are not attributable to the prescribed ozone depletion.
The results in this study add to an increasing body of both observational (7, 33, 34 ) and modeling (35, 36 ) evidence that suggests stratospheric processes play an important role in driving climate variability at the surface of the Earth on a range of time scales, particularly at high latitudes. Taken together with the observations presented in TS, the findings reported here strongly suggest that human emissions of ozone-depleting gases have demonstrably affected surface climate over the past few decades. Fig. 3 , but for the SH low-middle latitudes. The observed trends are calculated as in TS Fig. 2 using data described in (40) .
